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Summary
Tocochromanols constitute the different forms of vitamin E (VTE), essential for the 
human diet and display a high membrane protectant activity. By combining interval 
mapping and genome-wide association studies (GWAS) we unveiled the genetic 
determinants of tocochromanol accumulation in tomato fruits. To enhance the nutritional 
value of this highly consumed vegetable, we dissected the natural intraspecific variability 
of tocochromanols in tomato fruits and genetically engineered their biosynthetic pathway. 
These analyses allowed the identification of a total of 25 QTL interspersed across the 
genome pinpointing the chorismate-tyrosine pathway as a regulatory hub controlling the 
supply of the aromatic head group for tocochromanol biosynthesis. To validate the link 
between the chorismate-tyrosine pathway and VTE, we engineered tomato plants to 
bypass the pathway at the arogenate branchpoint. Transgenic tomatoes showed 
moderate increments in tocopherols (up to ~ 20%) and a massive accumulation of 
tocotrienols (up to ~ 3,400%). Gene expression analyses of these plants reveal a trade-
off between VTE and natural variation in chorismate metabolism explained by 
transcriptional reprogramming of specific structural genes of the pathway. By restoring 
the accumulation of α-t3 (alfa tocotrienols) in fruits, the plants produced here are of high 
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Introduction
Tocopherols and tocotrienols, collectively known as tocochromanols, are 
amphiphilic lipids with VTE activity and as such are essential components of both human 
and animal diets (Epstein et al., 1966; Evans & Bishop 1922). They are mainly 
synthesized by photosynthetic organisms (Sussmann et al., 2017) through the 
condensation of homogentisate (HGA), derived from the shikimate (SK) pathway, with an 
isoprene chain, which arises either from phytyldiphosphate in the case of tocopherols or 
from geranylgeranyldiphosphate in the case of tocotrienols . Both prenyl tails can come 
from the methyl erythritol phosphate (MEP) pathway, alternatively phytyldiphosphate can 
originate from chlorophyll recycling. Four major forms of tocopherols and tocotrienols 
occur in plants (α, β, γ and δ), differing in their position and number of methyl groups. 
Alpha-tocopherol (α-t) is mostly accumulated in leaves whereas γ-tocopherol (γ-t) is the 
major species found in seeds (Munne-Bosch & Alegre, 2002). 
The production of these molecules is a metabolic innovation allowing plants to live 
under high-oxygen conditions (Zeng et al., 2014) as their role protecting PSII against 
oxygen singlets and limiting lipid peroxidation are well documented (Kreigeuer-Liszkay & 
Trebst, 2006; Miret & Munne-Bosch, 2015). More recently, it was demonstrated that the 
tocopherol biosynthetic pathway modulates salicylic acid accumulation affecting basal 
resistance against Pseudomonas syringae in Arabidopsis plants (Stahl et al., 2019). 
Furthermore, tocopherols were found to be required for a retrograde chloroplast-to-
nucleus signaling mechanism favoring miRNA biogenesis under abiotic stress (Fang et 
al., 2019). Particularly in tomato (Solanum lycopersicum) tocopherol has been 
demonstrated to be essential in tolerance to combined light and temperature stress 
(Spicher et al., 2017).
An essential function of tocochromanols in all living cells, irrespective of their 
precise mechanism of action, is to protect biological membranes against oxidative 
stresses. In mammals, α-t and α-tocotrienol (α-t3) have the highest antioxidant activities 
(Suarna et al., 1993). However, some properties unique to tocotrienols have been 
recently recognized (Peh et al., 2016; Zainal et al., 2019), rendering this molecule of 
particular pharmacological interest. For these reasons, there is a considerable interest in 
crop plant species with increased or customized tocochromanol contents (Mène-Saffrané 
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structural genes involved in the biosynthesis of tocopherols in several plant species. 
Increases in tocochromanol accumulation by the overexpression of the cloned pathway 
gene (encoding γ-tocopherol methyl transferase (VTE4)), have been reported in 
Arabidopsis (Shintani & DellaPenna, 1998), soybean (Van Eenennaam et al., 2003; Arun 
et al., 2014), shiso (Lee et al., 2008), lettuce (Lee et al., 2005 ), mustard (Yusuf & Sarin, 
2007), maize (Zhang et al., 2013) and tobacco (Jin & Daniell, 2014). Other metabolic 
engineering approaches focused on the availability of HGA as a substrate for tocopherol, 
plastiquinone and tocotrienol biosynthesis catalyzed by homogentisate phytyltransferase 
(HPT), homogentisate solanesyl transferase (HST) and homogentisate geranylgeranyl 
transferase (HGGT) (Mène-Saffrané & Pellaud, 2017). These approaches were a partial 
success being somewhat constrained by the limited availability of phytyl pyrophosphate 
which mostly comes from the degradation and recycling of chlorophylls (Chander et al., 
2008; Zhang et al., 2014; Dorp et al., 2015; Almeida et al., 2016). Genetic studies 
performed in tomato revealed the existence of four metabolic QTL (mQTL) affecting total 
tocopherol levels in fruits (Almeida et al., 2011). Furthermore, several candidate genes 
found in this study were functionally characterized and demonstrated to affect this trait 
through different regulatory mechanisms (Quadrana et al., 2011; Almeida et al., 2016; 
Bermudez et al., 2018).
Up to now, the natural intraspecific variability of tocochromanols has rarely been 
explored in tomato (Tieman et al., 2017). Instead, the above mentioned QTL mapping 
studies focused on introgression lines between cultivated tomato and its wild relatives, S. 
chmielewskii and S. pennellii (Ballester et al., 2016; Barrantes et al., 2016; Do et al., 
2010; Eshed & Zamir, 1996). One limitation of using such biparental mapping populations 
is that the limited number of alleles tested are not necessarily representative of the crop 
natural variation (Blanca et al., 2015; Ranc et al., 2008). Complementary experimental 
approaches based on multiparental mapping populations and panels assembled for 
Genome Wide Association Studies (GWAS) attempt to overcome these limitations by 
incorporating a larger proportion of the extant genetic variation. Recent reports 
demonstrated the success of such methodologies to identifying genes involved in 
tocochromanol contents in corn kernels (Diepenbrock et al., 2017; Wang et al., 2018). 
In the present study, we applied a combination of interval and GWAS mapping in 
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analyzed fruit tocochromanol content in 124 lines of a tomato Multi Parental Advanced 
Generation Intercross (MAGIC) population grown under control (C) condition (Pascual et 
al., 2015) and 136 highly diverse small fruit tomato accessions grown under control (C) 
and water deficit (D) conditions (Albert et al., 2016). These populations were genotyped 
with 7,400 SNP markers and a total of 25 QTLs were mapped in regions enriched in 
genes of the amino acid metabolism category. Ten of these genes encode enzymes of 
the shikimate (SK) and post-chorismate branch pathways. Indeed, the effect of by 
passing this highly regulated point by the expression of a yeast prephenate 
dehydrogenase (PDH), which catalyzes the transformation of prephenate into 
hydroxyphenylpyruvate (HPP), in tomato fruits overexpressing an Arabidopsis 
hydroxyphenylpyruvate dehydrogenase (HPPD), resulted in massive accumulations of 
tocotrienols and to a lesser extent tocopherols, at the expense of significant reductions in 
the levels of tyrosine, phenylalanine and tryptophan during the expansion and ripening 
phases of fruit development. These results are discussed in the context of the inter-
regulation of vitamin E and aromatic amino acid contents and more broadly with respect 
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Results
Trait architecture in the MAGIC- and GWAS-mapping populations 
The two populations used in this work were studies to evaluate the intraspecific 
variation of tocochromanol content in tomato fruit. They constitute to a MAGIC population 
derived from the intercross between four cherry and four large fruited tomato accessions 
(Pascual et al., 2015) and a GWAS panel of cherry tomato accessions chosen for 
representing a maximum of the diversity in S. lycopersicum cv cerasiforme (Albert et al., 
2016) and challenged under two irrigation conditions: control (C) and deficient (D). 
Tocochromanol (α-t, β-t, γ-t, δ-t, α-t3 and tot-t) contents in ripe fruits from both 
populations displayed large variations (Figure. 1a,b and Figure 1Sa,b) ,with variance 
analysis revealing high and significant genotype effects (P-values < 0.001) representing 
between 33.2 (δ-t) and 67.6% (α-t3) of the total sum of square. Watering regime effects 
were small but significant for most of the traits (with the exception of α-t, β-t and tot-t 
which not presented significant differences) (Figure 1b). GxE interactions were detected 
for α-t, γ-t, α-t3 and tot-t (Figure 1b). Water availability had a genotype-dependent effect 
on the fruit tocochromanols contents. In the GWAS panel, distributions from plants 
cultivated under water deficit overlap with those from plants cultivated under irrigation 
conditions (Figure 1Sb). While a group of accessions exhibited higher levels of 
tocochromanols forms under normal irrigation conditions, for a few other accessions 
displayed clearly lower levels under these conditions (Figure 1a). Heritability values 
estimated from the GWAS data for each phenotype ranged between 0.234 (for tot-t under 
D) and 0.612 (for α-t3 under D). These values are comparable with values previously 
reported for other primary metabolites in tomato (Sauvage et al., 2014; Schauer et al., 
2008). For all phenotypes, heritability values were highly similar between the two 
environmental conditions (Table 1). Interestingly, heritability values estimated from the 
MAGIC population data were markedly lower and ranged from 0.08 to 0.20 for α-t3 and δ-
t, respectively.
Interval mapping and GWAS of tocochromanol contents in tomato fruit revealed an 
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In a first attempt to unveil the genetic bases of these traits we applied interval 
mapping (IM) to genotypic (~1,300 SNPs) and phenotypic data of 124 RILs from the 
MAGIC population cultivated under C condition. This approach resulted in the 
identification of seven QTL (3 for α-t, 2 for δ-t and 2 for tot-t) which were mapped onto 
five genomic regions on chromosomes 3, 7, 8, 11 and 12 (Figure 2 and Table S1). 
Percentages of the explained phenotypic variance (PVE) ranged between 12.67 and 
18.03 for QTL07.1 and QTL08.1 (α-t and tot-t), respectively. By filtering out the 
polymorphisms in parental lines according to the expected allelic effects (Pascual et al., 
2015), the number of genes within these regions varied between 52 and 208 for the α-t 
QTL11.1 and the α-t/tot-t QTL08.1, respectively. These QTL, along with previous results 
reported by our group (Almeida et al., 2011; Quadrana et al., 2014), demonstrate the 
polygenic architecture of tocochromanols in tomato fruits. Thus, we incorporated a larger 
amount of genetic variation in order to perform association mapping by applying a multi-
locus model (Segura et al., 2012). Through the phenotypic evaluation of a GWAS panel 
(composed of 136 highly diverse cultivated accessions; Albert et al., 2016) cultivated 
under two water regime conditions, 18 significant (p < 10-4) associations were detected, 
with ten and eight associations being found under C and D conditions, respectively 
(Figure S2, Table S2). These associations were mapped onto 16 loci were distributed 
across nine of the 12 tomato chromosomes (Figure 2 and Table S2). Two genetic 
markers were significantly associated to two different tocochromanol forms; 
S02_46637841 (chromosome 2) with α-t and tot-t and S06_42560313 (chromosome 6) 
with α-t3 and δ-t (Figure 2 and Figure S2). Genomic regions spanning the identified QTL 
ranged from 30 to 1,830 Kbp harboring between three and 208 annotated genes. The 
percentage of associated variation of each tococromanol forms (PVE) were relatively 
variable for each individual association; from 10.4 to 19.4 % (Table 1). These PVE values 
were comparable with those estimated for the QTL detected with the MAGIC population 
(Table S4).
Enrichment analyses of all genes in the QTL confidence intervals (3,296 and 958 
from the IM analyses and GWAS, respectively) using Mapman categories allowed the 
identification of eight over-represented categories (against the compete genome, Figure 
2). The top three ranking significantly overrepresented categories (p<0.0001, Fisher test) 
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electron transport (+12.5). We thus concentrated on the list of annotated loci within these 
genomic regions with the aim to a priori identify candidate genes. The criteria followed to 
choose these candidates were: (i) that they encode structural genes (or transport 
proteins) of tocochromanol-related pathways, (ii) that they were previously identified as 
tocochromanol-candidates genes in tomato and other plant species (Almeida et al., 2011; 
Diepenbrock et al., 2017),(iii) that they encode structural genes of lipid metabolism 
pathways or (iv) they are expressed in fruit tissues (data available in Fernandez-Pozo et 
al., 2017; Zouine et al., 2017). Overall, these analyses resulted in the identification of the 
70 candidate genes listed in Table S3. Their chromosomal localizations are shown in the 
map of Figure 2.
Tocochromanol associated genomic regions include a priori candidate genes 
enriched in chorismate–tyrosine metabolic pathways 
Five of the identified loci were in linkage disequilibrium with structural genes of the 
chorismate–tyrosine metabolic pathways (Figure 3a and Table S3). Moreover, IM results 
pinpointed two QTL harboring five other structural genes of these same pathways (Figure 
3c). Overall, the six QTL harboring these 10 candidate genes explained between 33.3 
and 75.2 % (for α-t3 and tot-t, respectively) of the PVE by the total identified QTL (Table 
1 and Table S3). Significant allelic effects within the GWAS population and founder 
effects for the different parental alleles of the MAGIC population were also detected for 
these loci (Figure 3b,d). Additionally, subsequent haplotype analyses on the above a 
priori candidate genes revealed significant allelic effects for four of them; TyRA2 
(Solyc09g011870), fbt (Solyc06g068560), ADCL (Solyc11g071280) and DHQS 
(Solyc02g083590) (Figure S3). These genes encode regulatory enzymes of the shikimate 
pathway and catalyze reactions from 3-deoxy-D-arabino-heptulosonate-7-phosphate and 
homogentisate, the supplier of the aromatic head group of the tocochromanol molecules 
(Figure 4a). Reactions from chorismate to tyrosine conversions have been previously 
reported as being highly sensitive to end-product regulation (Tzin & Galili 2010). Given 
that this mechanism involves bottleneck steps of regulation, we engineered tomato plants 
by-passing these reactions in order to functionally validate our genetic analyses.
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We concentrated on engineering the chorismate-tyrosine pathway in tomato fruits 
using a transgenic approach wherein the TyrA-catalyzed reaction is bypassed by the fruit 
specific expression of a prephenate dehydrogenase encoding gene from yeast (ScPDH). 
The subsequent reaction of p-hydroxyphenylpyruvate conversion into homogentisate was 
boosted by the expression of an Arabidopsis encoding hydroxyphenylpiruvate 
dioxigenase gene (AtHPPD) (Figure 4a; Figure S4a). Both genes were expressed under 
control of PPC2 promoter of the phosphoenolpyruvate carboxylase (PEPC; EC 4.1.1.31) 
gene from tomato. After the first round of Agrobacterium transformation, 85 tomato 
primary transformants (T0) were obtained. Among all these transgenic lines grown in 
greenhouse, none of them displayed phenotypic changes at the plant developmental and 
fruit (growth, size, color) levels. Molecular and compositional analyses of these primary 
transformants (T0) revealed detectable expression of both transgenes in fruits from five 
of these transgenic lines (Figure S4b). Fruits at breaker+4 days stage (orange) from three 
of these T0 lines (PH13, PH17 and PH30) showed tocochromanol compositional changes 
(Figure 4b) and/or contents (Figure S4c) with respect to the wild type controls. All three 
lines showed enrichments in total tocotrienols (tot-t3) content and PH13 line also showed 
~25% more tot-t than wild-type fruits. 
Chorismate–tyrosine pathway engineered plants accumulate more 
tocochromanols
In order to confirm the results presented above in a subsequent generation (T1) 
we analyzed the expression of the transgenes (by qPCR) along with tocochromanol 
composition at three developmental stages of the fruits (5 days post anthesis, breaker 
and breaker+8 days) from five double-homozygous lines (Figure 5). While the expression 
levels of both transgenes were substantially high in fruits from the three PH13-sibling 
lines, PH17 line showed higher ScPDH transcript levels than those from AtHPPD gene. 
The opposite was true for the case of PH30 line (Figure 5a). These results were together 
with the tocochromanol levels observed in these same fruits; marginal increments (~20%) 
in tot-t contents and massive accumulations of tot-t3 observed in the PH13-sibling lines 
and unchanged levels, similar to the WT for PH17 and PH30 lines (Figure 5b). 
Robustness of these results were confirmed in a parallel experiment where a wider 
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post anthesis (5 DPA) to breaker plus 8 days (Br+8)) (Figure S5a-f). Increases in the 
levels of α- and β-t were observed. By contrast, γ-t levels decreased significantly in the 
fruits of the transgenics at 30 DPA and at later stages (breaker and ripe) (Figure S5b and 
Table S4). Intriguingly, both α-t and γ-t showed opposite profiles of the t3 forms along 
development and ripening (Figure S5b). These results suggest that the observed 
increments in tocotrienol levels are not only due to the expected increments in 
homogentisate pool but also occur at expenses of flux into the tocopherols (Figure 
S5a,b). In addition α+β/γ+δ tocopherol ratio, which is indicative of the efficiency of the 
last step of the pathway (mediated by the VTE4 enzyme) displayed a clear decrease, 
markedly at cell division stages (5 and 10 DPA) (Figure S5c). The main cause of this 
gradient is the observed decay in α-t contents and an opposite increase of the γ-t form in 
both PH13 and WT plants (Figure S5d). In accordance with the previous observation, the 
α+β/γ+δ -t3 ratio showed the opposite behavior (Figure S5e,f), which also suggests that 
the observed accumulation of t3 occurs at expenses of tocopherols.
As expected, the tocochromanol contents in source leaves of these transgenic 
plants were invariant from wild-type controls (Figure S6). This is in agreement with the 
fact that the SlPPC2 promoter is only functional in fruits.
Along with these variations in the tocochromanol levels, pigments such as 
chlorophyll, carotene and lycopene presented significant differences at specific fruit 
stages without clear accumulation trend in the transgenic lines (Table S5). In accordance 
with the observed increases in tocochromanol levels, electron microscopy images of 
green fruits demonstrated a significant increase in the size and number of plastoglobules 
per chloroplast in the three PH13-deribed sibling lines (Figure 6a,b,c). These changes 
resulted in a remarkable increase in the ratio of plastoglobule/plastid per chloroplast. 
However, these results should be taken with caution as they were analyzed in three 
sibling lines derived from a single transgenic event (PH13); and an accurate validation in 
other independent lines should be necessary. Notwithstanding these visual changes in 
chloroplast ultrastructure, the main lipids detected in tomato fruits (FAPEs, TAG, MGDG, 
DGDG and PL) were invariant between WT and sibling PH13 lines (Table S6).
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In order to better understand how the engineered plants were affected at the 
transcript level, a dedicated qPCR array including tocochromanol biosynthetic genes 
(Quadrana et al., 2013) was applied to fruits at three different stages of development (20 
DPA, BR and BR+8). A PCA biplot based on the mRNA levels of the 23 genes analyzed 
showed that 62.4% of the variation is comprised in the first two components. The different 
lines grouped firstly according to fruit maturity and secondly by genotype evidencing a 
different mRNA profile of the double transgenic line PH13 in comparison with PH17, 
PH30 and WT (Figure 7a). By inspecting the loadings it is possible to identify those 
genes whose expression levels best define the different developmental stages.Most 
genes were down-regulated in fruits of the double-expressing line PH13 particularly at BR 
and BR+8 stages (Figure 7b). Indeed exceptions to this behavior were only detected for 
the by-pass enzyme encoding genes; arogenate dehydrogenase (TyrA(1) and TyrA(2)), 
tyrosine aminotransferase (TAT(2)) and hydroxyphenylpyruvate dioxygenase (HPPD(2)), 
whose transcripts increased in the fruits of the double transgenic line. A further exception 
is HST which displays a differential expression pattern with a peak at BR+8. Alongside 
these changes in transcripts, the fruits of PH13 line showed inverse correlations between 
tocochromanols and aromatic amino acid profiles, which is in agreement with the 
expression of the biosynthetic genes detected in these transgenics (Figure 5a and Figure 
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Discussion 
With the aim of elucidating the genetic architecture of the complex trait of VTE 
content in tomato alongside defining the regulatory mechanisms which determine the flux 
through it biosynthetic pathway, we evaluated the extent of tocochormanol natural 
variation in fruits of 124 F7 lines of a MAGIC population (Albert et al., 2016) and 136 
accessions of a tomato diversity panel (Pascual et al., 2015). Exploration of variation in 
tocochromanol levels in these two populations revealed a vast range in the contents of 
the five forms evaluated here. Whereas the MAGIC population was evaluated only under 
control condition, the GWAS population was grown under control and water deficit 
conditions partitioning the variation observed into genotype, watering regime and 
genotype by watering regime effects. The phenotypic variations observed for 
tocochromanol contents in the diversity panel resulted mainly from large genotype effects 
(33.2–67.6%) and medium to low watering regime effect (0.2-3.0%) and genotype by 
watering regime interactions (9.4-17.3%). As a consequence, moderate to high 
heritabilities were observed for these traits, similarly to the range of heritability previously 
reported in tomato (Sauvage et al., 2014).
Combining two complementary mapping approaches, IM and GWAS, we identified 
a total of 25 QTL. Indeed, VTE content has been described as a multilocus trait not only 
in tomato (Almeida et al., 2011; Quadrana et al., 2013) but also in several other plant 
species (Arabidopsis -Gilliland et al., 2006-; maize -Diepenbrock et al., 2017-; rape seeds 
–Wang et al., 2012-; rice -Sookwong et al., 2009- and soybean -Li et al., 2016-). Most of 
the QTL previously identified using 9 ILs of S. pennellii (Almeida et al., 2011) map on 
chromosomes 7, 8, and 9 and overlap with 4 of the ones detected here. This could be a 
consequence of the high genetic divergence between S. lycopersicum and S. pennellii.
The detected amount of α-t3 in fruits from both mapping populations is striking as 
modern tomato varieties do not accumulate this molecule (Horvath et al., 2006; Chun et 
al., 2006; Quadrana et al., 2013). Large variation in α-t3 content could be explained by 
the origin and composition of the genetic material used in this study; mainly cherry 
tomatoes from South America and heirloom varieties, which permitted us to map seven 
QTL for this tocochromanol form. More importantly, the strategy to functionally validate 
these genetic analyses resulted in engineering tomato plants with high pharmacological 
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This form of VTE has been shown to possess unique properties such as the inhibition of 
3-hydroxy-3-methylglutaryl-coenzyme A reductase which leads to a lowering of 
cholesterol levels, attenuation of inflammation via downregulation of transcription factor 
NF-κB activation, and acts as a potent protectant against radiation damage (reviewed by 
Peh et al., 2016). In addition eighteen other associations were detected for α-t, δ-t and 
tot-t. Two associations (S02_46637841 and S06_42560313) were in common for two 
different tocochromanol forms (α-t/ tot-t and α-t3/ δ-t) as can be expected for metabolites 
that share structural genes in their biosynthetic pathway.
As previously mentioned, tocochromanol content in tomato fruit is defined as a 
polygenic trait. This is in agreement with both the number of detected QTL (25) as well as 
the percentages of variation explained by each of them, which ranged between 10.4 and 
18.1 %. Nevertheless, the 10 candidate genes encoding structural genes of the shikimate 
pathway were identified in 6 of the 25 QTL whose PVE showed major effects (between 
33.3 and 75.2 % for the cases of α-t3 and tot-t, respectively). One of such candidate loci, 
encoding the TyRA(2) enzyme maps to a previously reported a QTL for α-, β-, γ- and tot-t 
contents in tomato fruits (Almeida et al., 2011). Haplotype analyses of this locus 
(Solyc09g011870) revealed significant allelic effects and high divergence between 45 
accessions of the 136 included in the GWAS panel. This could cause differences in the 
enzymatic activity and a high flux of hydroxyphenylpyruvate to the central route of 
tocochromanols biosynthesis. It has been previously demonstrated that altering TyRA 
and CM expression levels in Arabidopsis has an impact in the accumulation of 
tocochromanols both in seeds and leaves (Tzin et al., 2009, Zhang et al., 2013; Cahoon 
et al., 2012; de Oliveira et al., 2018). Moreover, TyrA overexpression in soybean results 
in massive accumulations of tocochromanols (Valentin et al., 2005). Similar phenotypes 
were observed also in soybeans plants lacking the HGO enzyme which catalyzes the 
degradation of HGA (Stacy et al., 2016). At the same time, this gene was identified as a 
candidate in a GWAS for tocochromanol contents in maize kernels (Diepenbrock et al., 
2017). 
Others two candidate genes showing significant allelic effects on α-t3 and α-t are 
fbt and ADCL, respectively, whose products divert chorismate to folate biosynthesis 
thereby representing a trade-off between VTE and vitamin B9. On theother hand, AnPRT, 
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first committed steps in Trp biosynthesis and as such also requires chorismate. A 
paralogue of these loci have been found also associated to a β-t QTL (Almeida et al., 
2011). Tyrosine can also be exported from plastid to cytoplasm were HGA synthesis is 
localized (Muñoz & Munné-Bosch, 2019) by the action of LAT1, an ortholog tyrosine 
transporter of araport11 (At2g33260), ultimately affecting tocochromanol biosynthesis. 
This subset of candidate genes encode enzymes and transporters of the chorismate-
tyrosine pathway, a highly regulated branching point (Tzin & Galili, 2010). Taken 
alongside the results from the enrichment analyses which revealed that amino acids 
metabolism was a highly overrepresented category, led us to engineering tomato plants 
by-passing these reactions in order to functionally validate our genetic analyses. With this 
aim, we produced a set of transgenic lines co-overexpressing the ScPDH and the 
AtHPPD genes in order to boost HPP and HGA fluxes in a fruit specific manner 
(Fernandez et al., 2009). Detailed characterization of these lines showed significant 
increases of tocotrienols (up to ~ 3,400%) and moderate increases in tocopherols (up to 
~ 20%).
These increases in tocochromanols in the fruits of the PH13 line observed at both 
T0 and T1 generations are indicative of a minimum expression threshold of both genes 
as have been suggested by Rippert et al. (2004) for leaf tissue of tobacco using these 
same genes under the control of a constitutive promoter. Neither fruits from PH17 line, 
with high expression of scPDH gene nor those from PH30 line with high levels of AtHPPD 
mRNA were enough to achieve the levels of tocochromanols showed by fruits of the 
PH13-sibling lines. 
It is worth mentioning to remark that the maximum accumulation of 
tocochromanols occurs at the BR stage of the fruits in accordance with the peak of PPC2 
promoter activity (Guillet et al., 2012; Fernandez et al., 2009; Nafati et al., 2011). This 
suggest that such increases in tocochromanols is the result of high HGA synthesis and 
enough availability of the other substrate geranylgeranyl-DP.
The enzyme homogentisate geranylgeranyl-DP transferase (HGGT) was not yet 
identified in tomato. Tocotrienol increases could, however, be explained by the 
promiscuous activity in substrate acceptance of other prenyl transferases such as 
homogentisate solanesyl transferase (HST) and/or the homogentisate phytyl transferase 









This article is protected by copyright. All rights reserved
evidence in support of tocotrienol production in the absence of a specific HGGT. That 
said, other reports demonstrate increased tocopherols in the absence of tocotrienols in 
transgenic Arabidopsis and tomato plants over-expressing VTE2 (Collakova & 
DellaPenna 2003; Lu et al., 2013). These findings explain why tocopherol synthesis is not 
limited by the availability of HGA and PDP precursors but rather depend on the activity of 
the VTE2 enzyme. Nevertheless, tocotrienols are limited by HGA levels in tomato fruits.
As shown for the majority of the 23 analyzed genes, VTE2 expression is down-
regulated in fruits of the PH13 lines, particularly at BR and BR+8 stages. By contrast, the 
HST gene as well as those encoding the by-passed enzyme (TyrA(1)/(2), TAT(2) and 
HPPD(2)) are up-regulated in the fruits of the double transgenic line. Along with these 
transcriptional changes, the amino acids Tyr, Phe and Trp decreased in the fruits of the 
PH13-sibling lines, indicating a transcriptional reprogramming of aromatic amino acid 
metabolism and highlighting a sophisticated regulatory circuitry that the plant cell 
employs to balance tocochromanols contents.
In summary, the work presented here demonstrates the power of combining 
different mapping strategies (GWAS and MAGIC panels) to characterize the genetic 
architecture of complex traits. Functional validation of these results resulted in the 
production of tomato fruits with enhanced VTE contents. Massive increases in tocotrienol 
levels could be explained, at least in part, by a transcriptional impairment of specific 
genes from the chorismate-tyrosine pathway which directly impacted aromatic amino 
amino acid contents. Indeed, tocotrienols have been shown to exceed VTE activity of 
tocopherols in a number of model membrane studies (Packer et al., 2001; Peh et al., 
2016; Serbinova & Packer 1994; Suzuki et al., 1993) and thus, the plants produced here 
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Experimental procedures
Plant materials and growth conditions
Two populations were used in this study: (i) A subset of 124 lines of the MAGIC 
population previously obtained by crossing eight tomato, selected to include a wide range 
of genetic diversity (Table S7) (Pascual et al., 2015); (ii) The GWAS diversity panel 
consisted of 136 accessions of small fruit tomato. These accessions were previously 
described in Albert et al. (2016) and Blanca et al. (2015). The genetic structure of the 
GWAS panel reflected the species and the geographic origin of the accessions (Table 
S8). Ten accessions were S. pimpinellifolium (SP; the closest wild ancestor of the 
tomato) originating from Peru and Ecuador. A total of 107 accessions were S. 
lycopersicum var. cerasiforme (SLC) originating mainly from South America. Finally, 19 
accessions belonged to a mixed genetic group mainly including commercial cherry 
tomatoes and admixed genotypes between SP, SLC, and S. lycopersicum var. 
lycopersicum.
Experimental design
The plants were cultivated with the same experimental design as in Albert et al. 
(2016). Plants were grown in a heated glasshouse in INRAE Avignon, France from March 
to July 2014. Two watering regimes were applied to the plants: control (C) and water 
deficit (D). The control treatment was set according to evapotranspiration coefficient for 
tomato under greenhouse conditions (FAO Water, 2015). A maximal drainage of 25% 
and a relative humidity of the substrate of 65% were established in the control pots. 
Water deficit treatment was applied progressively after the flowering of the second truss 
of the earliest accession. Watering was first reduced by 25% compared with the control 
for 1 week and then reduced by 60% until the end of the experiments. Relative humidity 
of the peat substrate was controlled with GRODAN® moisture probes and monitored 
between 25% and 30% in drought pots. Three plants per watering regimes per accession 
of GWAS panel were randomized in the greenhouse. One replicate per line of each of the 
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Tocochromanol phenotyping
Tocopherol and tocotrienol extractions and quantifications were performed as 
described by Fraser et al. (2000). Averaged non-transformed data from 2-3 replicates of 
the GWAS accession panel are available in Table S8. Table S7 contains data from the 
124 MAGIC lines, the F1 and parentals.
Genotyping and SNP filtering of the GWAS panel
The GWAS population was genotyped using the Tomato Infinium Array developed 
within the SolCAP project (Hamilton et al., 2012; Sim et al., 2012). After filtering, the set 
of markers consisted of 6100 SNPs see Albert et al. (2016).The SNPs were renamed 
according to their positions on the tomato genome for example SL2.50 was renamed as 
S01_58000085 given that it represented base pair 58000085 on chromosome 1. QTL 
mapping in the MAGIC population was performed with a set of 1300 SNP markers as 
described in Pascual et al. (2015).
Statistical analysis of the phenotypic data for GWAS
Phenotypic data from both conditions were analyzed separately (R Core Team., 
2012). They were normalized using Box and Cox transformations. Then the ANOVAs 
were performed according to the following model:
Yijkl= μ + Gi + Wk + Gi x Wk + eijkl
Yijkl was the phenotypic value of accession i in watering regime k, µ the overall mean, Gi 
the fixed genetic effect, Wk the fixed effect of watering regime k, Gi x Wk the fixed effect 
of interaction of both and eijkl the residual error effect. Phenotypic variation measured in 
the MAGIC population showed normal distribution after Box-Cox transformation (Figure 
S1a). Similarly, transformed data from the GWAS population showed a normal 
distribution in the cases of α-t, γ-t and total-tocopherols (tot-t) but bi-modal distributions 
for the cases of α-tocotrienol (α-t3) and β-tocopherol (β-t) (Figure S1b). However, neither 
a particular genetic group or subgroup, nor the color of the fruits were associated to these 
bi-modal distributions.
Best linear unbiased predictions (BLUPs) were estimated using the LME4 package 
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based on the AIC criteria. Finally a model adapted from Baseggio et al. (2018) was used  
as follows: 
Yijkl= μ + Gi + Mi + Wk + Gix Wk + eijkl
Interval mapping in the MAGIC population
For interval mapping, Box Cox transformation of the phenotypic raw data was 
performed, subsequently the mpMap package (Huang & George 2011) was used based 
on the founder’s parental probabilities as input for QTL identification in the MAGIC 
population. Previously, the mpMap function computes founder effects at a step size of 2 
cM with a regression approach, based on the multipoint probabilities computed with 
‘mpprob’ function. QTL were called when p ‐values were smaller than the empirical 
threshold p‐value (1.72 × 10−4) derived using the function ‘sim.sigthr’ after computing 
1000 permutations, to reflect a genome‐wide significance threshold of 0.05. QTL support 
intervals were determined with a 1‐LOD drop support. After QTL detection, the function 
‘fit’ from R mpMap package to estimate the percentage of phenotypic variation explained 
by the QTLs. Then, all the polymorphisms (Causse et al., 2013) present in the QTL 
support intervals were analyzed and filtered according to the estimated founder effects. 
Heritability values were estimated for all phenotypic traits following the method proposed 
by Broman et al. (2019).
GWA mapping
Best linear unbiased predictions (BLUPs) were used in the mapping models. 
GWAS were performed using correction for population structure (PCoA) and modeling 
genetic variance with the kinship matrix (K) based on identity by state among the 6100 
SNPs. We used the multi-locus mixed-model (MLMM) developed by Segura et al. (2012) 
to increase the detection power for polygenic characters. Models with a maximum of five 
cofactors all having a raw P-value <10–4 were retained. From the optimal model selected, 
the percentage variation explained by the selected markers (global PVE for all the 
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Linkage disequilibrium (LD) between markers on each chromosome was 
calculated using the R2 estimator implemented in the package ‘genetics’ (Warnes & 
Leisch, 2011). First, we performed LD calculation between 100,000 randomly chosen 
pairs of unlinked loci (on different chromosomes). The 95th percentile of the unlinked-R2 
distribution equal to 0.28 was considered as the critical LD threshold. Then, for each 
significant marker, we computed LD with all the markers upstream and downstream on 
the same chromosome. Through plotting of R2 versus genetic distance between markers 
we defined both boundaries of the confident interval as the intersection of the ‘critical LD’ 
threshold and the fitted curve of R2 regression (Figure S7). A nonlinear model described 
by Remington & Thornsberry (2001) was used to fit the LD decay. The number of genes 
within each interval was identified from the tomato genome (ITAG2.4).
Haplotype analyses of candidate genes detected by GWAS. 
Based on the nonreference genome sequences of the tomato pan-genome (Gao 
et al., 2019) we defined haplotype blocks for five of the 70 candidate genes belonging to 
the chorismate-tyrosine pathway (Figure S3). We extracted the sequences for those five 
loci for 45-50 of the 136 accessions, if more than 50% of the CDS region was covered by 
contigs. Then we performed multiple nucleotide sequence alignments, 2 Kpb up and 
downstream of each gene using MUSCLE (Edgar, 2004). This subset of accessions is 
representative of the total 136 accessions, considering previous analysis for genetic 
structure all groups and subgroups were represented (Albert et al., 2016 and Table S2). 
The frequencies for each haplotypes were calculated as a percentage over those 45-50 
accessions. The Kruskal Wallis test was used for estimation of phenotypic differences 
between haplotypes, considering each biological replicate. Only non-synonymous 
substitutions were chosen to define haplotype blocks but hundreds of polymorphisms 
were found 2 Kpb up and downstream of each analyzed loci. Prediction for non-
synonymous amino acid substitutions was evaluated using SIFT software in order to 
evaluate functional effects (Ng & Henikoff, 2003). 
Enrichment analysis by Mapman categories 
Ease score, a modified Fisher Exact P-value, was used for gene-enrichment 
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categories. The functional enrichment analyses of typical Mapman gene categories were 
based on the functional annotated file Slyc_ITAG2.4 
(https://MapMan.gabipd.org/MapManstore). 
Trangenics plants material and growth conditions
Cherry tomato [Solanum lycopersicum L. cv West Virginia 106 (WVa106)] plants 
were grown in a greenhouse or in vitro as described by Alhagdow et al. (2007). Several 
plants over-expressing in the fruits both the ScPDH and AtHPPD genes under the control 
of the SlPPC2 promoter, named as pdh/AthppdOE lines or more simply PH lines, were 
selected. Primary transformants were checked for ploidy level by flow cytometry. In 
diploid plants, the presence of ScPDH and AtHPPD constructs was checked by PCR 
using the specific primers and only the lines displaying the two constructs were 
considered for this study. Tomato fruits were harvested at various developmental stages 
according to the number of days post-anthesis (DPA) and fruit diameter. Prior to all 
biochemical and molecular analyses, the jelly part and the seeds were removed from the 
fruits and samples were quickly frozen in liquid nitrogen, ground to fine powders and 
stored at -80°C until use.
Cloning procedures
The sequences encoding the OTP-ScPDH  (Tyr1, accession no. Z36035) and 
OTP-AtHPPD (HPPD, AT1G06570-1) were amplified by PCR using the respective 
plasmids pPCR Script-OTP-PDH and pRPA 150 A2-ARA9 (Garcia et al., 1999; Rippert et 
al., 2004) and were then inserted into the GATEWAY vector pDONR201 (Invitrogen, 
http://www.invitrogen.com/) by attB recombination following the manufacturer’s protocol. 
The second recombination reaction was performed using the destination pK2GW7-
pPPC2 vector containing a 2-kb DNA fragment of the tomato phosphoenolpyruvate 
carboxylase-2-promoter (SlPPC2), a cell expansion phase fruit-specific promoter 
(Fernandez et al., 2009). The two vectors, pK2GW7-pSlPPC2-OTP-AtHPPD and 
pK2GW7- pSlPPC2-OTP-ScPDH, were separately inserted into Agrobacterium 
tumefaciens strain GV3101 by transformation. A mixture constituted of half of each of the 
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cv. WVA106 cotyledons and plants were regenerated as described by Alhagdow et al. 
(2007). 
RNA Isolation and qPCR analyses
RNA extraction and RT-PCR analyses using gene-specific primers (Table S9) 
were performed as previously described by Quadrana et al. (2013) on several tomato 
organs, namely leaves, fruits for genes related to the MEP and SK pathways, including 
also the ScPDH and AtHPPD genes.
GC-MS metabolite profile analysis 
Fruit pericarp prepared as described above were used for metabolite extraction as 
described by Nunes-Nesi et al. (2005). The level of all metabolites was quantified by GC-
MS exactly following the protocol described by Roessner et al. (2001), with the exception 
that the peak identification was optimized to tomato tissues (Roessner-Tunali et al. 2003). 
The extraction, derivatization, standard addition, and sample injection for GC-MS were 
performed according to Lisec et al. (2006)   and Osorio et al. (2012). Identification and 
quantification of the compounds were performed with TagFinder 4.0 software and the 
mass spectra were cross-referenced with those in the Golm Metabolome Database 
(Kopka et al., 2005). Six biological replicates were used for this analysis. 
Pigment quantification by HPLC
Chlorophylls, lycopene and carotenoids were extracted and quantified exactly as 
described in (Quadrana et al., 2013). Lipids were extracted from lyophilized pericarp 
according to (Folch & Stanley 1987). Fatty acid methyl esters (FAMEs) were then 
extracted in 400 µL hexane and analyzed by Gas Chromatography performed using an 
Agilent 7890 gas chromatograph equipped with a Carbowax column (15 m x 0.53 mm, 
1.2 µm; Alltech Associates, Deerfield, IL, USA) and flame ionization detection. FAMES 
were identified by comparing their retention times with commercial fatty acid standards 
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Chloroplast ultrastructures of 20 DPA WT and PH13 pericarps were examined by 
electron microscopy. Pericarps were cut in small pieces and fixed in 2.5 % 
glutaraldehyde in 0.15M phosphate buffer overnight at 4ºC, and post-fixed in 1% osmium 
tetroxide for 2 h and 1% tannic acid for 1 h at room temperature (22–25ºC). After 
dehydration and embedding in Epon resin, ultrathin sections (70-80 nm) were obtained 
on a Reichert Ultracut S microtome and mounted on to copper grids. Ultrathin sections 
were observed with a FEI Tecnai G2 Spirit TWIN 120kV transmission electronic 
microscope equipped with a CCD 16M pixels Eagle 4k camera CM 100 transmission 
electron microscope at 60 kV. Chloroplast area and plastoglobule diameter were 
measured using the ImageJ software in cell layers 8 and 9 in a centripetally manner from 
the first epidermis layer.
Principal Component Analysis (PCA)
General overview of the variance for the transcripts levels analyzed in the 3 
transgenic lines and WT were represented in a reduced dimensional Euclidean space 
using BioStatFlow. Data set corresponded to each transgenic plant per line standardized 
by Z-score transformation as commonly used in PCA analysis.
Data availability statement
All the set of markers reported in this paper are available in Albert et al. (2016) and 
Causse et al. (2013).
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Figure and table legends
Figure 1. Phenotypic variability of tocochromanols accumulation in GWAS 
population of tomato fruits under two irrigation conditions. (a) Fruit tocochromanol 
average level reaction norms for each accession; 136 accessions of the GWAS 
population grown under control (light blue) and water deficit (pink) condition. Gray lines 
link genotype responses (b) ANOVA dissection of the total phenotypic variation for the 
GWAS panel showed as proportion of each effect in the total sum of squares (%SS): 
phenotype (P), pink stands for genotype (G), yellow stands for environment (E), light blue 
stands for the interaction (GxE) and grey stands for residual effects. Bellow each bar the 
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Figure 2. GWAS and interval QTL mapping of tocochromanol contents in mature 
tomato fruits. 18 associations and 7 QTL were mapped by phenotyping a panel of 136 
GWAS lines (Albert et al., 2016) and 124 lines of a MAGIC population (Pascual et al., 
2015). Genomic regions significantly associated (p-value <10-4) to variations in the 
different tocochromanol forms measured in fruits are depicted in light blue and pink for 
associations found with phenotypic data measured in plants cultivated under irrigation 
and drought respectively. Underline depicts QTL identified by interval mapping with the 
MAGIC population. Physical intervals (CI) were calculated based on the LD between 
significant and associated markers (see Experimental procedures). On the right of each 
chromosome candidate gene IDs (Table S3) are shown and their Mapman categories are 
indicated by different colors. α, δ, tot-t and α-t3 stand for α-tocopherol, δ-tocopherol total-
tocopherol and α-tocotrienol, respectively. Gray box show Mapman categories by 
different reference colors and on the right significant enrichment of each category as ratio 
between QTL genes and total genes in the genome (p<0.0001, Fisher test).
Figure 3. Tocochromanol QTL mapping details and allelic effects. (a) Manhattan 
plots showing three significant (p-values <10-4) associations with tot-t, α-t and α-t3 
tocochromanol isoforms over genomic positions (x-axis) at the top of chromosomes 9 and 
bottoms of chromosomes 11 and 6, respectively. SNP markers with significant effects are 
depicted in red. Shadowed regions indicate the CI (calculated as described in 
Experimental procedures) for each QTL (see details in Table S3). Above each plot, all 
annotated genes (annotation version ITAG 2.4) within the corresponding CI are shown. 
Genes depicted in red types correspond to 4 of the identified candidate genes (see the 
complete list in Table S6). (b) Box-plots showing the allelic effects for the three 
associated markers: S09_04511795 (tot-t, "under drought conditions"), S11_53937168 
(α-t, "under irrigation conditions") and S06_42560313 (α-t3, "under irrigation conditions"). 
Allelic effects for all detected associations are listed in Supplemental Table S2. (c) 
Genomic regions comprising α-t 11.1 and δ-t 12.1 QTL detected by IM with the MAGIC 
population. Shadowed regions indicate the CI. Above each plot 5 candidate genes (in red 
types) within the corresponding CI are shown. (d) Founder allelic effects estimated for α-t 
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Pascual et al. (2015) based on the founder haplotypes at QTL's position for each parental 
lines of the MAGIC population.
Figure 4. Engineering chorismate-tyrosine pathways in tomato fruits. (a) Schematic 
view of the pathways convergent to tocochromanol biosynthesis highlighting the 
structural genes identified as candidates in our genetic mapping. Gene IDs and 
abbreviations are detailed in Table S3. The PDH/HPPD by-passes are indicated in blue 
boxes. Abbreviations for intermediate metabolites are: glyceraldehyde 3-phosphate 
(GA3P); phosphoenol-pyruvate (PEP); Triptophane (Trp); Phenylalanine (Phe); Tyrosine 
(Tyr); geranylgeranyl-diphosphate (GeranylgeranylDP); chlorophyllide a (Chlla);
phytyl-diphosphate (phytylDP); 2-methyl-6-phytyl-1,4-benzoquinol (MPBQ); 2,3-dimethyl-
6-phytyl-1,4-benzoquinol (DMPBQ); 2-methyl-6-geranylgeranyl-1,4-benzoquinol 
(MGGBQ); 2,3-dimethyl-5-geranylgeranyl-1,4-benzoquinol (DMGGBQ) and plastoquinol-
9 (PQH2-9). (b) Representative HPLC-UV chromatograms of tocochromanol extracts 
from fruit samples (Breaker stage +4 days) of wild type (WT) and PH13 transgenic line 
(T0). 
Figure 5. Expression levels of the heterologous transgenes and tocochromanol 
contents in chorismate–tyrosine pathway engineered T1 plants. (a) Relative ScPDH 
and AtHPPD genes transcript levels in fruits of 20 DPA, Breaker (Br) and Breaker+8 (red 
ripe) stages from three independent double-homozygous transgenic lines; PH13 (three 
siblings; #1, #2 and #5), PH17, PH30 and the wild-type control. Data are means ± SD of 
three biological replicates with two technical repeats normalized with the housekeeping 
EIF4a gene. (b) Tocochromanol contents in pericarp tissue from fruits at 20 DPA, 
Breaker (Br) and Breaker+8 (red ripe) stages for the same lines as in (a). Data are means 
± SD of three fruits from each transgenic line and controls. Asterisks indicate significant t-
test differences (p<0.05) between WT and PH13 lines.
Figure 6. Chloroplast ultrastructure of tocochromanol accumulating plants. (a) 
Electron microscopic analysis of chloroplasts from tomato fruits at 20 DPA from three T1 
progeny of the PH13 lines and wild-type plants showing the presence of plastoglobules 
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expressed per plastid area and (c) size of plastoglobules expressed as mean of a total of 
60 chloroplasts for each transgenic line and control. Error bars indicate SD. Asterisks 
indicate significant differences between PH 13 and WT (p<0.05).
Figure 7. Expression analyses of structural genes of the tocochromanol-branching 
pathways and aromatic aminoacids profile in fruits of the PH transgenic lines. (a) 
Principal component analysis of relative expression data from 23 structural genes of the 
tocochromanol-related pathways assayed by the qPCR array platform in fruits of different 
developmental stages (20 DPA, breaker (BR) and (BR+8)) from three trangenics lines 
(PH13, PH17, PH30) and WT controls (n ≥ 3). (b) Schematic view of the methyl erythritol 
(MEP), shikimate (SK), vitamin E-core and related pathways showing the relative 
expression levels for each individual gene measured as indicated at the color scale (-log2 
ratio expression between PH13 and WT) in samples of 20 DPA, BR and BR+8 stages (n 
≥ 3). Tyrosine, phenylalanine and tryptophane were relatively quantified by GC-MS in the 
same samples. Significances were assayed by t-test (***p<0.001, ** p<0.01, * p<0.05). 
Enzyme encoding genes are named according to the following abbreviations: shikimate 
dehydrogenase/3-dehydroquinate dehydratase (DHQ); 4-Amino-4-deoxychorismate lyase 
(ADCL); Folate/biopterin transporter (fbt); anthranilate phosphoribosyltransferase 
(AnPrT); chorismate mutase (CM); prephenate aminotransferase (PAT); arogenate 
dehydrogenase (TyrA); tyrosine aminotransferase (TAT); L-tyrosine transporter (LAT1); 
4-hydroxyphenylpyruvate dioxygenase (HPPD); Homogentisate 1,2-dioxygenase 
(HGO);geranylgeranyl pyrophosphate synthase (GGPS); geranylgeranyl reductase 
(GGDR); homogentisate phytyl transferase (VTE2); 2,3- dimethyl-5-phytylquinol 
methyltransferase (VTE3); tocopherol cyclase (VTE1); γ-tocopherol C-methyl transferase 
(VTE4). Paralogous genes are indicated by different numbers in brackets. Candidate 
genes found in the association mapping analyses are in dark pink font. Positive and 
negative feedback between aromatic aminoacids and enzymes are indicated with dash 
green arrows. The PDH/HPPD by-passes are indicated in blue boxes. Abbreviations for 
intermediate metabolites are as follow: glyceraldehyde 3-phosphate (GA3P); 
phosphoenol-pyruvate (PEP); Triptophane (Trp); Phenylalanine (Phe); Tyrosine (Tyr); 
geranylgeranyl-diphosphate (GeranylgeranylDP); chlorophyllide a (Chlla); phytyl-
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phytyl-1,4-benzoquinol (DMPBQ); 2-methyl-6-geranylgeranyl-1,4-benzoquinol (MGGBQ); 
2,3-dimethyl-5-geranylgeranyl-1,4-benzoquinol (DMGGBQ).
Figure S1. Histogram plots of phenotypes measured in the populations used in this 
study. (a) Box-Cox transformed data of all 124 lines of the MAGIC population. Lambda 
values from data transformations are shown on the x-axis. (b) Box-Cox transformed data 
from all detected forms of tocochromanols measured in ripe fruits of 136 accessions of 
the GWAS population from plants grown under drought (pink) and irrigation(light blue) 
conditions. Lambda values from data transformations are shown on the x-axis.
Figure S2. Manhattan and QQplots of the associations detected after applying the 
MLMM of the experiments performed with fruits from plants cultivated under irrigation (I) 
and drought (D) conditions. Significantly associations (p-value<10-4) for tocochromanol 
isoforms indicated in blue as: α, δ, and tot-t stand for α-tocopherol, δ-tocopherol, and 
total-tocopherol, respectively. α-t3: α-tocotrienol. Shadowed regions in yellow depict 
same markers associated with different tocochromanol isoforms.
Figure S3. Haplotype analyses of candidate genes detected by GWAS. Haplotype 
block and frequencies of non-synonymous substitutions are shown. Boxplots indicate the 
phenotypic values corresponding to the different phenotypic groups and significant 
effects (p < 0.05 Kruskal Wallis test) are shown by different letters. SNP positions on the 
corresponding gene scheme are indicated above each block. SNPs are coded as: 
nucleotide position from the first ATG_aminoacid substitution. Aminoacid substitutions 
indicated with red asterisks predicted to affect function estimated by SIFT (Ng & Henikoff, 
2003). Blue arrows indicate SNP-defining clusters.
Figure S4. Constructs and expression analyses of ScPDH and AtHPPD transgenic 
plants at T0 generation. (a) Constructs used to transform tomato plants (Solanum 
lycopersicum cv. WVA106) by Agrobacterium tumefaciens as described in Experimental 
procedures section. (b)  RT-PCR Analysis of the expression of the ScPDH and AtHPPD 
genes in fruits at 20 DPA stage of five regenerating lines (PH13, PH17, PH20, PH30 and 
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(c)Total tocopherols and tocotrienols contents indicated in gray and black bars 
respectively for PH13, PH17, PH30 lineas and WT (wild-type as control) in one replicate 
of T0 tomato fruits at stage Br+4 (orange) expressed in µg per g of dried fruit weight.
Figure S5. Accumulation pattern of tocochromanol during tomato fruit 
development and proportions expressed as α+β/γ+δ in fruits from PH13 lines and 
wild-type controls. (a)Total tocochromanols contents expressed as ug per g of dried 
fruits pericarp at division (5 and 10 DPA), expansion (20 and 30 DPA), ripening phases 
(Breaker, Br+4 (orange) and Br+8 (red ripe) for three
double homozygous sibling PH13 lines (T1) and the wild-type controls. (b) Contents of 
the different forms of tocochromanols (α-t, β-t, γ-t, δ-t and α-t3, γ-t3 and δ-t3) expressed 
as average of the three double homozygous sibling PH13 lines (T1) and the wild-type 
controls. Values are means ± SD. Asterisks indicate significant t-test differences between 
WT and PH13 lines; *** p<0.001, ** p<0.01, * p<0.05. (c) Tocopherol and (d) tocotrienol 
ratios (α+β/γ+δ) at division (5 and 10 DPA), expansion (20 and 30 DPA) and ripening 
phase (Breaker, Br+4 (orange) and Br+8 (red ripe)) for three three double homozygous 
sibling PH13 lines (T1) (in red color lines) and the wild-type controls (in red green lines). 
Pie charts of tocopherols (e) and tocotrienols (f) proportions at each developmental 
stage.
Figure S6. Levels of tocochromanols (tot-t and tot-t3) in source leaves from PH13 
progeny lines and wild-type controls.
Figure S7. Linkage disequilibrium (R2) vs distances for each significant 
association marker of the GWAS associations detected after applying the MLMM. 
Physical distance of each confidence intervals (CI) were calculated based on the LD 
between significant (p-value <10-4) and associated markers (see Experimental 
procedures) indicated in red numbers below X axis as base pairs. The 95th percentile of 
the unlinked-R2 distribution of markers equal to 0.28 was considered as the critical LD 
threshold (dashed lines in red). Then, for each significant marker, we computed LD with 
all the markers upstream and downstream on the same chromosome. Through plotting of 
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confident interval as the intersection of the 'critical LD' threshold and the fitted curve of 
R2 regression. A nonlinear model described by Remington and Thornsberry (2001) was 
use to fitted the LD decay. The number of genes within each physical interval was 
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Tables
Table 1. Heritability, PVE and number of loci significantly associated with each trait 
detected with the GWAS panel.
Phenotype Condition h2missing h2 PVE No. of Associations
I 0.353 0.319 11.7 3
α-t
D - 0.307 - 0
I 0.568 0.549 19.2 3
α-t3
D 0.600 0.612 15.9 3
I - 0.548 - 0
β-t
D - 0.443 - 0
I - 0.472 - 0
γ-t
D - 0.449 - 0
I 0.343 0.368 14.2 2
δ-t
D 0.247 0.328 12.2 1
I 0.210 0.306 10.4 2
tot-t
D 0.268 0.234 19.4 4
Global percentage of variation explained (PVE) by all the markers showing significant 
effects for a given trait are indicated under both watering regime (I: irrigated and D: 
drought conditions) from the optimal MLMM for each phenotype. Heritability values were 
estimated at step 0 by the MLMM (see Material and Methods). Missing heritability values 
(the percentage of the variance not explained by the markers) were calculated at the 










Figure 1. Phenotypic variability of tocochromanols accumulation in GWAS population 
of tomato fruits under two irrigation conditions. (a) Fruit tocochromanol average level 
reaction norms for each accession; 136 accessions of the GWAS population grown under 
control (light blue) and water deficit (pink) condition. Gray lines link genotype responses (b) 
ANOVA dissection of the total phenotypic variation for the GWAS panel showed as proportion 
of each effect in the total sum of squares (%SS): phenotype (P), pink stands for genotype (G), 
yellow stands for environment (E), light blue stands for the interaction (GxE) and grey stands 
for residual effects. Bellow each bar the significance of the p values is given; *** p<0.001, ** 
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Figure 2. GWAS and interval QTL mapping of tocochromanol contents in mature tomato 
fruits. 18 associations and 7 QTL were mapped by phenotyping a panel of 136 GWAS lines (Albert 
et al., 2016) and 124 lines of a MAGIC population  (Pascual et al., 2015). Genomic regions 
-4significantly associated (p-value <10 ) to variations in the different tocochromanol forms measured 
in fruits are depicted in light blue and pink for associations found with phenotypic data measured in 
plants cultivated under irrigation and drought respectively. Underline depicts QTL identified by 
interval mapping with the MAGIC population. Physical intervals (CI) were calculated based on the 
LD between significant and associated markers (see Experimental procedures). On the right of 
each chromosome candidate gene IDs (Table S3) are shown and their Mapman categories are 
indicated by different colors. α, δ, tot-t and α-t3 stand for α-tocopherol, δ-tocopherol total-tocopherol 
and α-tocotrienol, respectively. Gray box show Mapman categories by different reference colors 
and on the right significant enrichment of each category as ratio between QTL genes and total 
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Figure 3. Tocochromanol QTL mapping details and allelic effects. (a) Manhattan plots showing 
-4three significant (p-values <10 ) associations with tot-t, α-t and α-t3 tocochromanol isoforms over 
genomic positions (x-axis) at the top of chromosomes 9 and bottoms of chromosomes 11 and 6, 
respectively. SNP markers with significant effects are depicted in red. Shadowed regions indicate 
the CI (calculated as described in Experimental procedures) for each QTL (see details in Table S3). 
Above each plot, all annotated genes (annotation version ITAG 2.4) within the corresponding CI are 
shown. Genes depicted in red types correspond to 4 of the identified candidate genes (see the 
complete list in Table S6). (b) Box-plots showing the allelic effects for the three associated markers: 
S09_04511795 (tot-t, "under drought conditions"), S11_53937168 (α-t, "under irrigation 
conditions") and S06_42560313 (α-t3, "under irrigation conditions"). Allelic effects for all detected 
associations are listed in Supplemental Table S2. (c) Genomic regions comprising α-t 11.1 and δ-t 
12.1 QTL detected by IM with the MAGIC population. Shadowed regions indicate the CI. Above 
each plot 5 candidate genes (in red types) within the corresponding CI are shown. (d) Founder 
allelic effects estimated for α-t 11.1 and δ-t 12.1 QTL. For each QTL, the allelic effects were 
estimated as described in  Pascual et al. (2015) based on the founder haplotypes at QTL's position 












Figure 4. Engineering chorismate-tyrosine pathways in tomato fruits. (a) Schematic view of
the pathways convergent to tocochromanol biosynthesis highlighting the structural genes identified
as candidates in our genetic mapping. Gene IDs and abbreviations are detailed in Table S3. The
PDH/HPPD by-passes are indicated in blue boxes. Abbreviations for intermediate metabolites are:
glyceraldehyde 3-phosphate (GA3P); phosphoenol-pyruvate (PEP); Triptophane (Trp);
Phenylalanine (Phe); Tyrosine (Tyr); geranylgeranyl-diphosphate (GeranylgeranylDP);
chlorophyllide a (Chlla); phytyl-diphosphate (phytylDP); 2-methyl-6-phytyl-1,4-benzoquinol
(MPBQ); 2,3-dimethyl-6-phytyl-1,4-benzoquinol (DMPBQ); 2-methyl-6-geranylgeranyl-1,4-
benzoquinol (MGGBQ); 2,3-dimethyl-5-geranylgeranyl-1,4-benzoquinol (DMGGBQ) and
plastoquinol-9 (PQH2-9). (b) Representative HPLC-UV chromatograms of tocochromanol extracts











































































Figure 5. Expression levels of the heterologous transgenes and tocochromanol contents in 
chorismate–tyrosine pathway engineered T1 plants. (a) Relative ScPDH and AtHPPD genes 
transcript levels in fruits of 20 DPA, Breaker (Br) and Breaker+8 (red ripe) stages from three 
independent double-homozygous transgenic lines; PH13 (three siblings; #1, #2 and #5), PH17, PH30 
and the wild-type control. Data are means ± SD of three biological replicates with two technical 
repeats normalized with the housekeeping EIF4a gene. (b) Tocochromanol contents in pericarp 
tissue from fruits at 20 DPA, Breaker (Br) and Breaker+8 (red ripe) stages for the same lines as in (a). 
Data are means ± SD of three fruits from each transgenic line and controls. Asterisks indicate 















































































































































































































































Figure 6. Chloroplast ultrastructure of tocochromanol accumulating plants. (a) Electron 
microscopic analysis of chloroplasts from tomato fruits at 20 DPA from three T1 progeny of the 
PH13 lines and wild-type plants showing the presence of plastoglobules (PG) as black spots in the 
proximity with thylakoids .(b) Number of plastoglobules expressed per plastid area and (c) size of 
plastoglobules expressed as mean of a total of 60 chloroplasts for each transgenic line and control. 
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Figure 7. Expression analyses of structural genes of the tocochromanol-branching pathways and aromatic 
aminoacids profile in fruits of the PH transgenic lines. (a) Principal component analysis of relative expression data 
from 23 structural genes of the tocochromanol-related pathways assayed by the qPCR array platform in fruits of 
different developmental stages (20 DPA, breaker (BR) and (BR+8)) from three trangenics lines (PH13, PH17, PH30) 
and WT controls (n ≥ 3). (b) Schematic view of the methyl erythritol (MEP), shikimate (SK), vitamin E-core and related 
pathways showing the relative expression levels for each individual gene measured as indicated at the color scale (-
log2 ratio expression between PH13 and WT) in samples of 20 DPA, BR and BR+8 stages (n ≥ 3). Tyrosine, 
phenylalanine and tryptophane were relatively quantified by GC-MS in the same samples. Significances were assayed 
by t-test (***p<0.001, ** p<0.01, * p<0.05). Enzyme encoding genes are named according to the following 
abbreviations: shikimate dehydrogenase/3-dehydroquinate dehydratase (DHQ); 4-Amino-4-deoxychorismate lyase 
(ADCL); Folate/biopterin transporter (fbt); anthranilate phosphoribosyltransferase (AnPrT); chorismate mutase (CM); 
prephenate aminotransferase (PAT); arogenate dehydrogenase (TyrA); tyrosine aminotransferase (TAT); L-tyrosine 
transporter (LAT1); 4-hydroxyphenylpyruvate dioxygenase (HPPD); Homogentisate 1,2-dioxygenase 
(HGO);geranylgeranyl pyrophosphate synthase (GGPS); geranylgeranyl reductase (GGDR); homogentisate phytyl 
transferase (VTE2); 2,3- dimethyl-5-phytylquinol methyltransferase (VTE3); tocopherol cyclase (VTE1); γ-tocopherol 
C-methyl transferase (VTE4). Paralogous genes are indicated by different numbers in brackets. Candidate genes 
found in the association mapping analyses are in dark pink font. Positive and negative feedback between aromatic 
aminoacids and enzymes are indicated with dash green arrows. The PDH/HPPD by-passes are indicated in blue 
boxes. Abbreviations for intermediate metabolites are as follow: glyceraldehyde 3-phosphate (GA3P); phosphoenol-
pyruvate (PEP); Triptophane (Trp); Phenylalanine (Phe); Tyrosine (Tyr); geranylgeranyl-diphosphate 
(GeranylgeranylDP); chlorophyllide a (Chlla); phytyl-diphosphate (phytylDP); 2- methyl-6-phytyl-1,4-benzoquinol 
(MPBQ); 2,3-dimethyl-6-phytyl-1,4-benzoquinol (DMPBQ); 2-methyl-6-geranylgeranyl-1,4-benzoquinol (MGGBQ); 
2,3-dimethyl-5-geranylgeranyl-1,4-benzoquinol (DMGGBQ).
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